Abstract--Analysis of Mossbauer effect in layer silicates provides a spectroscopic method for determining valences and coordination of iron. In this study Mossbauer spectra were obtained for amesite, cronstedtite, nontronite, two glauconites, biotite, lepidomelane, chlorite, minnesotaite, vermiculite, stilpnomelane, and chloritoid.
INTRODUCTION
FERROUS and ferric iron are known to exist in many layer silicate minerals. The exact lattice position of the iron ions, however, is difficult to determine. The Mossbauer effect provides an excellent spectroscopic method for studying iron cation positions in layer .silicate minerals. The isomer shift, obtained from the Mossbauer spectrum, indicates the valence state of iron in the mineral. The magnitude of the quadrupole splitting reflects the local surroundings of the iron ions.
The exact position of iron ions can be determined in the two-sheet phyllosilicates which have limited cation sites available. The structural position of iron in the more complex layer silicate minerals can be ascertained by comparison of isomer shift and quadrupole splitting values to those from iron in known octahedral and tetrahedral coordination.
Iron-57, which is the iron isotope used in Mossbauer spectroscopy, occurs as 2.17 per cent of iron in nature and, as a result, natural minerals provide excellent absorbers. The mineral samples are not destroyed by this method.
TIlE MOSSBAUER EFFECT
The Mossbauer effect refers to the process of recoil-free emission and resonant absorption of nuclear gamma rays in solids (Mossbauer, 1958;  381 Wertheim, 1964) . The useful parameters, which are determined from the Mossbauer spectrum, are the isomer shift and the electric quadrupole splitting. The isomer shift arises from the electrostatic interaction between the nucleus and the s-electron density of the overlapping electron cloud. The electric quadrupole splitting results from the interaction between the nuclear quadrupole moment and the electric field gradient at the nucleus.
LAYER SILICATE STRUCTURES AND POSSIBLE IRON SITES
The phyllosilicates have two different structural arrangements. The two-sheet structure, composed of one sheet of silica tetrahedrons and one sheet of octahedrons (Grim, 1953) , contains one tetrahedral and one octahedral site. The octahedral site, 0c, consists of four hydroxyls and two adjacent oxygens at the apexes. The minerals amesite and cronstedtite, which were used in this investigation, exhibit the two-sheet trioctahedral structure (Steinfink and Brunton, 1956; Steadman and Youell, 1957) .
The three-sheet structure, which consists of an octahedral sheet sandwiched between two silica tetrahedral sheets (Grim, 1953) , contains one tetrahedral cation site and two different octahedral sites. Two hydroxyls and four oxygens form the apexes of the octahedron. The 0,, site has hydroxyls on opposed apexes and the 00 site has the hydroxyls on adjacent tips (Pollak et al., 1962) .
Biotite, lepidomelane, minnesotaite, vermiculite, chlorite, nontronite, and glauconite have the threesheet structure. Chlorite has an additional cation site, Oh, situated in the brucite-like sheet which is sandwiched between the two talc-like layers (Grim, 1953) .
Stilpnomelane will also contain 0, and 0b sites according to the structure as presented by Gruner (1937 and 1944) . The structure depicted by Eggleton and Bailey (1966) would contain 0~ and 0p octahedral sites. The 0p site consists of four hydroxyls and opposed oxygens on the apexes of the octahedron.
The chloritoid structure (harrison and Brindley,
EXPERIMENTAL DATA

Mossbauer spectrometer
A Nuclear Science and Engineering Corporation Model B Mossbauer Spectrometer was used in this study. The source was Co~7 in stainless steel.
Samples and sample mounting
Samples, or absorbers, were mounted in two ways:
1.Cleavage flakes were mounted directly to obtain spectra parallel to the "c" crystallographic axis.
2.Predetermined weights of powdered mineral were hardened for 24hr in "Duco" cement.
The samples used, their localities, and sources of samples are listed in Table 1 . doublet must correspond to ferric iron in either the 0,, site or the 0b site, or both. The isomer shift and quadrupole splitting of ferric iron in nontronite is comparable to that produced by the two inside peaks in amesite (Tables 2 and 3) . Empirically, the two outside peaks in amesite, showing the widest quadrupole splitting, must be in two different sites (quadrupole splitting producing two double lines). Since only tetrahedral and 0,, sites are available in amesite, ferric iron must enter both of these sites. The doublet showing the widest quadrupole splitting should correspond to ferric iron in tetrahedral coordination, the other to ferric iron in octahedral coordination (Ingalls, 1964) . The Mossbauer spectrum for nontronite shows a single peak, actually an unresolved doublet, corresponding to ferric iron in a single site (Fig. 2a) . Iron in nontronite usually occurs in the octahedral layer (Grim, 1953) . Therefore, the unresolved produced by ferric iron in a tetrahedral site.
Similar cation sites in different layer silicate minerals should produce similar isomer shifts and quadrupole splittings. In this way the site determination of ferric iron is possible.
Determination of the position of divalent iron in layer silicates is more difficult. Peaks indicating divalent iron occur in the neighborhood of 0.0 mm/ sec and 2.5 mm/sec. The low velocity ferrous iron peak masks some ferric iron peaks completely and others partially. Divalent iron is usually thought to be situated in the octahedral sheet (Grim, 1953) . It has been suggested (Pollak et al., Herzenberg and Toms, 1966 ) that ferrous iron occurs in both 0, and 0b sites in the octahedral sheet and that the resulting Mossbauer spectrum consists of two superimposed lines in each peak. Lepidomelane, biotite, chlorite, and minnesotaite (Figs. 3 and 4) show strong absorption lines most probably corresponding to ferrous iron in octahedral sites. 0e and 0p sites, in chloritoid and possibly stilpnomelane, which contain ferrous iron show similar isomer shifts and quadrupole splittings as those produced by ferrous iron in 0,, and 0b sites (Fig. 5) .
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In summary, it is not possible from data obtained in this investigation to state that ferrous iron is in either octahedral or tetrahedral coordination. However, the writers agree with most investigators that most ferrous iron is found in octahedral coordination. Furthermore, there is no evidence from this investigation to indicate that possible sub-sites within layers can be discriminated. According to the theory developed in the previous section, ferric iron can be detected in either octahedral or tetrahedral coordination.
The possibility of iron in Oh and 0o sites will be discussed under chlorite and chloritoid respectively.
Two-sheet trioctahedral minerals
Mossbauer spectra were obtained for the twosheet minerals containing iron. Amesite has the general chemical formula (Mg4AI2)(Si2 Al2)0ao(0H)s and cronstedtite can be represented by the formula (Fe2+2 Fe~z+3)(Si2Fe2+3)010(0H)s
The spectrum for amesite suggests two doublets ( Fig. la) , which probably correspond to ferric iron in both octahedral and tetrahedral coordination, since only these two positions are a available in amesite. Thus, the Mossbauer spectrum for amesite provides a basis for determining the position of ferric iron in three-sheet di-and trioctahedral minerals.
The absorption peaks for amesite are not intense suggesting that only minor amounts of ferric iron have replaced magnesium or aluminum in the octahedral layer and aluminum in the tetrahedral layer. The spectrum also indicates ferrous iron in amesite, which is probably contained in the octahedral, 0c, site. Ferrous iron is most commonly located in octahedral coordination in layer silicate minerals (Grim, 1953) .
According to the formula for cronstedtite, ferric iron is present in both the octahedral and tetrahedral sheets. Intense absorption peaks for ferric iron are present from iron in the 0c sites (Fig lb) . The peaks show pronounced broadening near the background count which may be an indication of less intense absorption peaks for tetrahedral iron. The peaks from iron in the tetrahedral site are masked by the more intense peaks from ferric iron in the 0,. site. This is in agreement with the interpretation by Weaver et a1.(1967) . Their results indicated that tetrahedral ferric iron produced a larger quadrupole splitting value than that of octahedral ferric iron. Ferrous iron is also indicated, probably in the 0,, site.
The Mossbauer parameters for amesite and cronstedtite are shown in Table 2 .
Three-sheet dioctahedral minerals
Mossbauer spectra were obtained for nontronite, Chemical analysis and X-ray data (Grim, 1953) indicate that nearly all ferric iron in nontronire is contained in the octahedral layer. Although two octahedral sites, 0a and 0b, are available, there is little indication from the Mossbauer spectrum (Fig. 2a) as to which site the iron ion prefers. Weaver et al.(1967) suggest that lack of resolution of the doublet indicates the possibility that tetrahedral ferric iron is present also. Ferrous iron appears to be absent in nontronite.
Similarly, the Mossbauer spectrum for glauconite shows that ferric iron is present, probably in the octahedral layer. Glauconitel shows a single peak which probably represents an unresolved doublet (Fig. 2b) . Glauconite2 shows a narrow doublet resulting from ferric iron in the octahedral position (Fig. 2c) . The exact octahedral site, 0,, or 0b, for ferric iron in glauconite cannot be determined.
Ferrous iron is indicated in both glauconites by the peak at 2.1 mm/sec (Table 3) . Ferrous iron in glauconite and constedtite shows narrower quadrupole splitting than that for ferrous iron in the three-sheet trioctahedral minerals (Table 4) . Only the high velocity ferrous iron peak is observed from the spectra for the cronstedtite and glauconite samples. The corresponding divalent iron peak, which is masked by the more intense ferric iron peaks, is assumed to have shifted to 0.40 mm]sec. This places the isomer shift value at about 1.25 mm/sec, which agrees with the isomer shift value for ferric iron in the three-sheet trioctahedral minerals (Table 4 ). The narrower quadrupole splitting may be caused by the large amount of iron in the octahedral layer. Weaver et al. (1967) also observed that quadrupole splitting values were less when abundant ferric iron was present in the layer silicates. Amesite, which has a structure similar to cronstedtite, contains only a minor amount of ferric iron in the octahedral sheet and shows the normal quadrupole splitting of about 2.5 mm/sec for ferrous iron in the octahedral sheet (Fig. la) .
Three-sheet trioctahedral minerals
Mossbauer spectra were obtained for biotite lepidomelane, chlorite minnesotaite, and vermiculite All of these minerals contain tetrahedral and octahedral, 0a, and 0b, cation sites. Chlorite has an additional cation site 0h, because of the presence of the brucite-like sheet.
Both biotite and lepidomelane can be represented by the formula K2(Mg,Fe+2)6 4(Fe+3,A1,Ti)0 2(Sis-5,A12-3)020 (0H,F)4_2 since lepidomelane is considered to be a biotite rich in iron (Fe+Z+Fe+3) (Deer, Howie, and Zussman, vol. 3, 1962) . It is generally accepted that ferrous iron in lepidomelane and biotite is situated in the octahedral sheet (Grim, 1953) . The Mossbauer spectra for lepidomelane and biotite2 were obtained from cleavage flakes oriented so that the gamma rays struck the cleavage plane at right angles. This orientation produced more intense low velocity peaks (Fig. 3) . Biotitel and biotitea were powder samples, but still revealed a slight orientation effect because of the single cleavage of biotite.
Pollak et a/. (1962) suggest that the ferrous iron doublet in biotite consists of two superimposed doublets. They reason that the superimposed high velocity peaks are offset slightly, thereby reducing the intensity. Both Pollak et a1. (1962) and Herzenberg and Toms (1966) have tried to match each of the ferrous iron doublet to specific octahedral sites, but the results have been largely inconclusive.
Chemical analyses were obtained for lepidometane, biotite> and biotitea and are as follows: The Mossbauer spectra of these minerals do not reflect any correlation between coordination preference and iron content. In all cases the strong ferrous iron absorption peak in the low velocity area partially masks ferric iron doublets. The ferric iron peak positions can be determined by resolving the experimental ferrous iron peak into its component parts. A symmetrical absorption curve is drawn for the low velocity ferrous iron peak using the left-hand portion of the curve as a guide. The left-hand portion of the curve should be little affected by the ferric iron absorption peaks since these peaks commonly occur at velocities of 0-0 mm/sec or greater (amesite, Table 1 ; nontronite, Table 2 ). The symmetrical, right-hand portion of the ferrous iron peak is shown by the dashed line in Figs. 3,4a , and 4b. The difference between the dashed line and the experimental curve represents the absorption due to ferric iron and is shown by the dotted lines in Figs. 3,4a , and 4b.
Ferric iron absorption peaks for lepidomelane (Fig. 4a) and biotite, (Fig. 3b) show that trivalent iron is situated in the octahedral sheet. The gentle slope of the high velocity side of the 0.80 mm/sec peak in lepidomelane (Fig. 3a) suggests that a minor amount of ferric iron may be present in the tetrahedral position.
Two ferric iron doublets are present in biotite._, and biotitea. The doublet denoted by narrow quadrupole splitting (Table 4) represents trivalent iron in the octahedral site. The second ferric iron doublet in these biotites indicates ferric iron in the tetrahedral position. In both cases the peak positions are at 0.00 mm/sec and 0.95 mm/sec. The peak at 0.95 mm/sec is very distinct (Figs. 3c and 3d) . The peak at 0.00 mm/sec coincides almost directly with the strong absorption peak for ferrous iron and cannot be detected by resolving the ferrous iron peak into its component parts. The quadrupole splitting which results from ferric iron in the octahedral sheet appears to be less when ferric iron occurs in the tetrahedral (Table 4) .
Chlorite can be represented by the general formula (Mg,A1,Fe+2)v_,(Si,Al)s020(0H)~6
The Mossbauer spectra for chlorite and chlorite2 are similar to those obtained for the biotites. Strong ferrous iron absorption peaks indicate divalent iron in the octahedral position (Figs.  4a and 4b) . The low velocity ferrous iron absorption peak can be resolved to determine the ferric iron peak positions. The Mossbauer spectrum for chlorite, (Fig. 4a) indicates two quadrupole doublets for trivalent iron. The doublet exhibiting narrow quadrupole splitting represents ferric iron in the octahedral position and the doublet showing the largest quadrupole splitting represents ferric iron in the tetrahedral position (Table 4) . Ferric iron in chlorite~ appears only in the octahedral layer. A strong acid attack was conducted on 1-60 g of chlorite in order to remove the brucite-like layer. Ten ml of concentrated nitric acid were used on minus 170 mesh material. The Mossbauer spectrum showed little change although the chlorite became amorphous to X-rays. The ferric iron peaks, still very prominent, shifted 0-1 mm/sec toward the lower velocity side (Fig. 4a) . If the acid attack was sufficient to remove the brucitelike sheet, it may be concluded that little or no ferric iron was present in the Oh positions. Ferrous iron may be present in the brucite-like sheet, but the absorption peaks would probably coincide with the peaks produced by divalent iron in the 0, and 0b sites. Since peak positions for ferrous iron in 0~, 0~, Oc, and O r, sites are roughly coincidental, it is not inconsistent to reason that absorption peaks produced by ferrous iron in an 0~, site would be in the same range.
Minnesotaite, MgGSis02o(0]-l)4 can be described structurally as an iron-rich talc (Deer, Howie and Zussman, vol. 3, 1962) . The Mossbauer spectrum (Fig. 4c) indicates that minnesotaite contains ferrous iron in the octahedral position. The absorption peaks occur at --0-05mm/sec and 2-55 mm/sec (Table 4) . X-ray analysis of the minnesotaite sample shows that a minor amount of siderite is present. The doublet for ferrous iron represented by peaks at 0.45 mm/sec and 2.30 mm/ sec corresponds to the divalent iron contained in the siderite (Weaver et at., 1967) . As a check, Mossbauer spectra were obtained for the low velocity peaks of various mixtures of biotite and siderite (Fig. 4d) . The low velocity minnesotaite-siderite peaks can be simulated with a sample of biotite containing about 7.15 per cent siderite. This test suggests an analytical application for determining mineral percentages in finegrained, iron-bearing aggregates.
The Mossbauer spectra for vermiculite, (Mg,Ca)0.7(Mg,Fe+3,Al)6.0(AI,Si)a.0020(0H)4.8 H20
indicate that only trivalent iron is present in the structure. The Mossbauer spectrum for vermiculite1 (Fig. 4e ) is similar to that for amesite (Fig. l a) . Absorption peaks at 0.00 mm/sec and 1.00 mm/sec indicate ferric iron in the tetrahedral position. The two inner peaks, which are partially masked by the tetrahedral iron peaks, represent trivalent iron in the octahedral sheet. There is no indication that ferric iron prefers to enter a particular octahedral site. It is reasonable to assume that ferric iron in either the 0~ site or the 0b site would show similar isomer shifts and quadrupole splittings since this is the case for divalent iron in 0~ and 0~ sites. Also, divalent iron is more sensitive to its environment than is trivalent iron (Herzenberg and Toms, 1966) . Vermiculite2 (Fig. 4f ) exhibits a Mossbauer spectrum similar to that for vermiculite (Table 4) except that the doublet corresponding to octahedral ferric iron is almost completely masked by the tetrahedral ferric iron doublet. Vermiculite is the only three-sheet trioctahedral mineral tested in which trivalent iron predominates.
Related layer-type minerals
Two other layer type minerals were analysed to provide information on different octahedral sites.
Stilpnomelane can be represented by the general formula (K, Na,Ca)H.4(Fe+3,Fe+2,MgAI,Mn)~..~_~.zSi8020 (0H)~ -(0, OH, H 0)3.6-8.5
according to Gruner (1944) Eggleton and Bailey (1966) . The Mossbauer spectrum for stilpnomelane indicates divalent iron in octahedral coordination. If the structure presented by Eggleton and Bailey (1964) is correct the ferrous iron must be situated in 0c and 0p sites. The isomer shift and quadrupole splitting for divalent iron (Table 5 ) is similar to that for ferrous iron in the three-sheet structures (Table 4) , where iron is located in 0a and 0b sites. Two trivalent iron doublets are indicated by obvious peaks at 0.85 mm/sec and 1.10mm/sec (Fig. 5a) . The low velocity peaks are masked by the intense ferrous iron absorption peak at 0.00 mm/sec. The doublet consisting of peaks at 1.10 mm/sec and probably at 0-00 mm/sec (similar to vermiculite, Figs. 4e and 4f) can best be interpreted as trivalent iron in the tetrahedral position. The doublet composed of peaks at 0-85mm/sec probably 0.25mm/sec indicates ferric iron in 0c and/or 0,, sites. Absorption peaks indicating interlayer iron (Gruner, 1944) are not detected although they may be masked by other more intense peaks.
W. F. Bradley (personal communication) suggests that some stilpnomelanes may be hydrobiotites, of fine grained habit, derived from high iron micas. The empirical formulae would be cited as gradations according to mixing proportions between biotite and vermiculite. The Mossbauer spectrum for stilpnomelane supports this view in the case of the Cuyuna Iron Range sample, since it resembles the combination of a biotite spectrum and a vermiculite spectrum.
Chloritoid can be represented chemically by the general formula (Fe+2,MgMn)z(AI,Fe+3)AI302(Si04)2(0H)4 Divalent iron in 0c and/or 0p sites in chloritoid (Fig. 5b) is represented by intense absorption peaks at --0.05 mm/sec and 2.55 mm/sec on the Mossbauer spectrum. These peaks are similar to those produced by ferrous iron in 0a and 0b sites 9 Divalent iron in octahedral coordination is indicated by the relatively intense peak at 3.10mm/sec. The corresponding peak is also masked by the more intense ferrous iron peak at 0.00mm/sec. The peaks cannot be resolved in this case since both right-and left-hand portions of the experimental curve appear to be distorted by hidden peaks. The best estimation of the position of the less intense ferrous iron peak in the low velocity area is about -0.35mm/sec since the left-hand portion of the curve has a more gentle outward slope in this region. This doublet has an isomer shift of 1-38 mm/sec and a quadrupole splitting of 3.45 mm/sec (Table 5) . Both values are larger than those of any previous minerals discussed. This must be due to divalent iron replacing aluminum in the corundum-type layer. A similar site, 0o, is present in the olivine structure for which the quadrupole splitting value reported was larger than that for biotite (de Coster et al., 1963) . The 0o site is common only to chloritoid in the minerals tested during this research.
The small amount of ferric iron in chloritoid is represented by a doublet which has one small peak at 0.75 mm/sec. creased (Table 4) . This also suggests more distortion in the octahedral sheet because of iron in tetrahedral positions. CONCLUSIONS Mossbauer analyses of iron-rich layer silicate minerals show that trivalent iron can be detected in tetrahedral and octahedral coordination. The exact octahedral environment cannot be determined for trivalent or divalent iron. Divalent iron is generally believed to be in octahedral coordination (Grim, 1953) . Ferrous iron in 0~,, 0b, 0c, and 0" sites produces peaks with similar isomer shifts and quadrupole splittings. No spectra were obtained where ferrous iron was believed to be in tetrahedral coordination.
Abundant trivalent iron in octahedral coordination in layer silicates appears to cause the quadrupole splitting value of divalent iron in the same mineral to decrease. This is exemplified by the minerals cronstedtite and glauconite (Tables 2 and  3) . Where divalent iron predominates in the octahedral layer, the quadrupole splitting value is about 2.50 mm/sec (Table 4 ). This suggests that the octahedral sheet may be more distorted when ferric iron predominates in the octahedral sites (Bancroft, Maddock, and Burns, 1967) .
In biotite, when trivalent iron is present in the tetrahedral sheet, the quadrupole splitting value for trivalent iron in octahedral coordination is deOntario; Professor K. Spiroff, Michigan Technological University; and R. J. Weege, Calumet and Hecla, Inc., Calumet, kindly furnished samples for this study.
